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Abstract. We show examples of neutron capture, photo dissociation and Coulomb 
dissociation processes, relevant for studying nuclear structure properties of some light 
nuclei. In the case of the neutron capture, we show how interference effects among 
the direct and resonance processes can be accounted for. The same interference effect 
is shown to play an important role in the photo dissociation of ^Be, for excitation 
energies just above the neutron emission threshold. Finally, the Coulomb dissociation 
p^ ■ of radioactive projectiles is shown to provides basic structure information on neutron 

rich exotic systems. The example of the ^^C halo structure is shown. 
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o INTRODUCTION 



Nuclear structure properties of light nuclei can be investigated by studying their 
response to electromagnetic excitations. One way to adopt this method is the tra- 
il^ I ditional slow and/or fast neutron capture 7-ray emission spectroscopy. In addition, 
textbook examples of photo-dissociation processes (e.g. •y -\- d —* n -\- p) exist show- 
ing how the time-reversal reaction channel can also be a corresponding powerful 
technique. Coulomb excitation processes have been traditionally employed to study 
the structure properties of nuclear bound states. More recently, a technique has 
been developed in which the Coulomb excitation process has been extended above 
the dissociation limit (namely above some nuclear breakup channel). The use of 
this technique became particularly attractive with the availability of radioactive 
ion beams (RIBs). In fact, using RIBs this method allows to do spectroscopy of 
nuclei far from the stability line, up to the drip-lines. We will present here exam- 
ples of each one of these techniques just mentioned, with particular emphasis on 
new developments concerning the traditional approaches as well as with some very 
recent results obtained with the up-to-date RIBs facilities. 



NEUTRON CAPTURE 

For light nuclei, the neutron capture process is often dominated by a direct radia- 
tive capture process (DRC). This is a process in which the incident neutron makes a 
direct transition into one of the bound states of the residual nucleus emitting one or 
more 7-rays, without forming any intermediate compound state. DRC models have 
been formulated in different ways, but with, of course, the same physical contents. 
To carry on the discussion on the neutron capture as well as on the dissociation 
processes we need to give here one of these formulation. We start from the wave 
functions ^c and $b of the continuum and of the bound-state, respectively given 
by 

^e(r) = J2 ''' ^^^^^^ m^ X XsY^ X xjY'. (1) 

''cjc 

and 

Mr) = E B,„J,c.,M ^^^^ [[Yk X Xs^ X XiV' (2) 

kjb 

Here, Yi and Xs are angular and spin components of the wave functions, the spin 
of the target nucleus is indicated by / and all other quantum numbers defining the 
continuum, bound and core state uniquely are indicated by ac, cxb and a respec- 
tively. The S's coefficients are the fractional parentage amplitudes determined by 
the total number of particles occupying the nblbjb orbit, A^. In shell-model standard 
notation [1] they are indicated by < {jb)^ -hoib \}{.3b)^^^Ici > and the spectroscopic 
factor for a given configuration is simply given by S* = A^ ■ -B^. The radial wave 
functions ipEjcjcir) and <pni,ii,jt{r) are obtained by solving the scattering and the 
bound state problem respectively, in a given potential. The matrix elements for 
electric L-pole transitions are Q^^^ =< ^c 1 1 T^^ || $6 > and may be written as a 
product of three terms 

Qc^b ~ -^cb ■ Bb ■ Acb (3) 

with the electric transition operator T^ = t^Ylm and the radial overlap integral 
defined as 



^cb = J rEj^,S^)r''Khj,ir)dr. (4) 

The angular-spin coupling coefficient is indicated by Acb and its definition can be 
found in the reference [2]. The capture cross section is given by 



(EL) _ 87r(L + l) A;f+i 1 1^_^ ^ , ^(el) ,2 

'^^^ L[(2L + 1)!!]2 hv 2s + 12/+l'^^^ 



Icjckjb 



where the sum is extended to all components of the the continuum and bound 
state wave functions compatible with the EL selection rules. Here, k^ = e^/hc is 
the photon wave number corresponding to a transition energy e^ and v the core- 
neutron relative velocity in the continuum, cel is the single-particle effective charge 
of the neutron. 

In the presence of a resonance state in the vicinity of the continuum energy Ec, 
the capture cross section contains a Breit-Wigner and an interference terms, in 
addition to the DRC term just shown 

a{E) = aDRc{E) + aBw{E) + 2[aDRc{E) + aBw{E)f^ cos[6r{E)] (6) 

with 

-Bw{E) = -A^^.^^-3^|f^ (7) 

and 



Sr{E) = tan 



-Ir 



TiE) 



'2{E - Er 



Here, the resonance energy, the neutron, gamma and total widths are indicated 
by -Er, Tn, r7 and F, respectively. The statistical weight factor is as usual gj = 
(2Jb + l)/(2/ + l)(2s -|- 1). The F^ is intended to indicate the partial radiative 
width for a transition leading to a specific bound state. 

A nice example of the onset of the resonance and interference terms in the neutron 
capture cross section is provided by the ^^0(n, 7)^'''0 reaction for energies up to 
about 1 MeV. Here, the well known J'^ = 3/2" p— wave resonance at 434 KeV, 
interferes with the smooth DRC p— wave component as shown in Figure 1. Both the 
capture transitions leading to the J'^ = 5/2"*" ground state and to the J'" = 1/2"'" 
first excited state in ^^O show typical interference patterns as a function of the 
incident neutron energy. The calculation of the DRC component was done using 
the 1(^5/2 and 2si/2 single-particle wave functions calculated from a Woods-Saxon 
potential with standard geometrical parameters tq = 1.236 fm, d = 0.62 fm and 
Vso = 7.5 MeV. The well depth was adjusted to reproduce the experimental binding 
energies of the two states (Vq = 52.9 and Vq = 54.5 respectively for the ground and 
first excited state). The spectroscopic factors for both the bound states were taken 
to be unity. The wave functions for the continuum were calculated using the same 
potential parameters with a well-depth of Vq = 54.5 MeV. With a resonance energy 
Er = 434 KeV and neutron width F„ = 45 KeV, the partial gamma-ray widths 
necessary to reproduce the experimental data were F^^ = F^^ = 0.5 eV. No other 
adjustable parameters were used in the calculation. The obtained total radiative 
width was therefore F^ = 1.0 eV, 40% smaller than the BNL compiled value [3]. 
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FIGURE 1. ^^0(n,7)^^0 cross section for neutron energies around the 434 KeV neutron reso- 
nance. The experimental values are from [4]. (n,7o) and (n, 71) indicates the transition leading 
to the ground and first excited state in ^^O, respectively. 



PHOTO DISSOCIATION 

The time-reversal invariance of nuclear reactions provides a relation between the 
capture and photo-neutron cross section (detailed balance). In fact, once we define 
the reaction as 

n + ^Z ^ A+12 + ^ 
12 3 4 



the relation connecting the direct and inverse processes is simply given by 

k^ 2J2 + I 



a. 



7,n 



fc2 2J3 + I 



O". 



71,7 



(9) 



where fc„ is the wavenumber of the n + "^Z relative motion. 

An interesting example of photo-dissociation process is given by the 7 -|- ^Be — »• 
^Be -|- n reaction. In fact, its time- reversal process, the neutron capture by ^Be, 
is supposed to play a crucial role in the so-called a-induced recombination process 
during the post-collapse phase of a Typell supernova [5]. The neutron capture 
reaction rate cannot be measured directly because of the a-decay of ^Be. However, 
the photo-dissociation experiment can be performed and, indeed, some data are 
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FIGURE 2. Photo dissociation of ^Be in the vicinity of the ®Be + n emission threshold. Experi- 
mental data are from the EXFOR compilation [6] (see there for references). The DRC, resonance 
and interference terms are calculated as described in the text. 



available. From the nuclear structure point of view, this is an interesting case as the 
first excited J'^ = 1/2+ state of ^Be, is located just above the neutron separation 
threshold. In view of the discussion we made above concerning the interference 
between the DRC and the resonance process, some interesting behavior of the 
photo-neutron cross section close to threshold can be expected. The structure 
properties of the J'^ = 1/2"'" state are also still quite uncertain. Its most obvious 
property is that it is located below the J'^ = 5/2"^" state. The lowering of the 2si/2 
orbit in light systems (of which the J'^ = 1/2"*" state is supposed to be mainly 
composed) is the subject or recent interesting investigations. 

We have performed the calculation of the ^Be(7,n)^Be cross section using a 
DRC model for the bound-to-continuum transition plus resonance and interference 
contributions. The results of this calculation is shown in Figure 2. The parame- 
ters and the technique used for the calculation of the DRC component are similar 
to those employed for the calculation of the neutron capture cross section dis- 
cussed above. Here, however, the ^Be ground state has a configuration of type 
|^Be(0'^) X 1^(1^3/2); 3/2~). In addition, in this case we made a shell model cal- 
culation using the Cohen-Kurath residual interaction for the p-shell model space 
and obtained S = 0.5. The parameters of the resonance state were taken from the 
work of Barker [7]. These were E^ = 73 A KeV, F^ = 255 KeV and F^ = 0.53 eV. 
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FIGURE 3. Coulomb dissociation cross section spectrum for ^^C — > ^^C + n at 67 A MeV 
incident energy as a function of the ^*C — n relative energy. The experimental data are from a 
recent RIKEN experiment [9]. The solid thin line shows the cross section as derived assuming a 
neutron separation energy of 160 KeV. |^*C(2"'") x 1/(1^5/2); 1/2+) configuration contribution is 
negligible. The main configuration is the |^*C(0+) x i/{2si/2); 1/2+) with a spectroscopic factor 
of 5* = 0.67. See [9] for details. 



From the results shown in Figure 2 we can see that the peak observed just above 
threshold is due to the presence of the J'^ = 1/2"'" state. The DRC component 
is rather smooth and an interference effect seems to take place reducing the cross 



section at e^ ~ 



2 MeV below the DRC component. 



COULOMB DISSOCIATION 



If a reaction is induced by real photons, the above equation can be employed 
directly to relate the direct and inverse channel. If, however, the photo-neutron 
process is to be induced by the virtual photons provided by a heavy- Z target, like 
in for heavy-ion collisions, the process is more complicated. 

In the semi-classical limit (Coulomb trajectories) the cross section distribution 
for Coulomb dissociation is related to the photo-nuclear cross section by the relation 



dEr 



2^^^^iW|^^^^EL 



NEdEi,E,) 



E^, 



-a. 



EL 

7,n 



(10) 



where E^ = Sn + Erei is the excitation energy {Erei is the ^^C — n relative energy) 
and Nel the virtual-photon number of multipolarity EL at given incident energy 
Ei and impact parameter b. Analytical expression for EL can be worked out and 
can be found in the literature [8]. 

Many breakup experiments have been recently performed using incident radioac- 
tive ion beams. Examples includes ^B -^ ^Be+p, ^^Li -^ ^Li + 2n, ^^Be — ^ ^'^Be-l-n, 
^■^Be — s> ^^Be + 2n and others. We report here on the results recently obtained in 
RIKEN of the breakup of ^^C, the heaviest of these loosely bound systems observed 
so far. This case is interesting as the structure of ^^C was poorly known. The spin 
and parity of the ground state was uncertain as well as its neutron separation en- 
ergy. The details of the experiment can be found in the reference [9] . Here we show 
the experimental results together with our calculation in Figure 3. The experiment 
was performed at Ei = 67 A MeV. From a comparison of the experimental data with 
the theoretical calculation it has been concluded that: 1) the spin and parity of the 
""^^C ground state is 1/2"*", 2) the neutron binding energy is S'„ = 0.53 ± 0.13 MeV. 
Here we limit ourselves in observing that the Coulomb dissociation spectrum is well 
reproduced by the calculation based on a direct breakup model in which the ^^C 
ground state contains a large fraction (5" = 0.67) of the |"'^^C(0+) x z/(2si/2); 1/2"*') 
configuration. 
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